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[57] ABSTRACT 

A large number of electrically conductive solid, dense 
feed-through paths for the high-speed low-loss transfer 
of electrical signals between integrated circuits of a 
single silicon-on-sapphire body, or between integrated 
circuits of several silicon-on-sapphire bodies, are pro- 
vided by an electroforming method utilizing periodic 
reverse-current pulsing. 

26 Claims, 8 Drawing Figures 
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PERIODIC REVERSE CURRENT PULSING TO 

FORM UNIFORMLY SIZED FEED THROUGH 
CONDUCTORS 

5 

CONTRACTUAL NOTICE 

The invention described herein was made in the per- 
formance of work under NASA Contract No. NAS 
5-25654 and is subject to the provisions of Section 305 
of the National Aeronautics and Space Act of 1958 (72 10 
Stat. 435; 42 U.S.C. 2457). 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of Ser. No. 1 5 
200,700 filed Oct. 27, 1980, now abandoned. 

The invention herein is related to the invention dis- 
closed and claimed in U.S. patent application Ser. No. 

285.656, filed of even date herewith in the name of 
inventor Anthony, and entitled “Implantation of Elec- 2{) 
trical Feed-Through Conductors”. Application Ser. 

No. 285,656 is a continuation-in-part of U.S. patent 
application Ser. No. 200,770, filed Oct. 27, 1980, which 

is assigned to the same assignee as the instant invention 
and is now abandoned. Application Ser. No. 423,334, 25 
filed Sept. 24, 1982, is a division of application Ser. No. 

285.656. Both said Ser. No. 285,656 and Ser. No. 
200,770 applications are herein incorporated by refer- 
ence. 

The invention herein is also related to the invention 30 
disclosed and claimed in U.S. patent application Ser, 

No. 204,957, filed Nov. 7, 1980 in the name of inventors 
Anthony, Connery and Hoeschele, Jr., entitled 
“Method of Forming Conductors Through Silicon-on- 
Sapphire, and Product”, which is assigned to the same 35 
assignee as the instant application, and is also incorpo- 
rated herein by reference. Also related to and assigned 
to the same assignee as the instant invention is the inven- 
tion disclosed and claimed in U.S. patent application 
Ser. No. 244,854, filed Mar. 18, 1981, in the name of 40 
inventor Anthony which is entitled “Alignment- 
Enhancing Feed-Through Conductors for Stackable 
Silicon-on-Sapphire Wafers.” 

BACKGROUND OF THE INVENTION 45 

1. Field of the Invention 

This invention relates to the manufacture of semicon- 
ductor devices and more particularly to the formation 
of a large number of solid, dense electrically conductive 
paths through semiconductor bodies in order to reduce 50 
the number and length of conductive interconnections 
between logic and switching elements on a single body 
and/or between bodies in a multi-body system. 

2. Description of the Prior Art ; 

Computer science has developed in an era of com- 55 
puter technology in which wire interconnects were 
inexpensive and logic and switching elements were 
expensive. Integrated circuit technology has recently 
reversed the cost situation leaving wire interconnects as 
the more expensive component. Interconnections be- 60 
tween the integrated circuits of a single chip or wafer, 
whether made of wires or strips of conducting material, 
are expensive because they occupy most of the space on 
the wafer and cause most of the delay in electronic 
signals passing through the system. The same reasoning 65 
holds for interconnections between wafers. Computer 
architecture theory has just begun to take the cost re- 
versal generated by integrated circuit technology into 
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consideration. As a result, computer design has not yet 
taken advantage of the full range of capabilities implicit 
in microelectronics. 

Current advances in computer design involve the 
development of a massively parallel information pro- 
cessing system for ultrahigh speed processing of multi- 
ple digital data streams. Such multiple data streams are 
encountered in situations where interactions of the 
physical data are significant as, for example, in image 
processing and studies of weather conditions, econom- 
ics, hydrodynamics and stresses. The massively parallel 
array processor with many processors operating simul- 
taneously and in parallel requires many interconnec- 
tions between processors. With multiple processors, the 
number of interconnections, the space occupied by 
interconnections, the delay time caused by interconnec- 
tions, the power consumed in interconnections, and the 
cost of interconnections has increased as the square of 
the number of processors in the system. 

The massively parallel array processor system is built 
utilizing Complementary Metal Oxide Semiconductor/- 
Silicon-on-Sapphire Large Scale Integration (CMOS/- 
SOS LSI) circuitry. Processor arrays on many individ- 
ual silicon-on-sapphire wafers must also be intercon- 
nected. In current technology, all such interconnections 
must run out to a pad on the edge of a wafer or chip. 
Such an interconnection scheme has several disadvan- 
tages. 

First, the number of interconnection pads on the 
periphery of an LSI circuit is very limited. The rela- 
tively small number of interconnection pads severely 
restricts the information flow to and from an LSI cir- 
cuit. For example, a typical memory chip has 16,384 bits 
arranged in a 128 by 128 array. An entire row of 128 bits 
can be assessed at one time, but a selector enables only 
a single bit to pass to an output pin. A typical memory 
system is made of 2,048 such chips arranged in 64 
groups of 32. Only 32 chips can place their outputs on 
the 32 wires that join the bus to the central processor. 
Of the 262,144 bits that move less than a millimeter on 
each chip, only 2,048 move 3 millimeters to get off their 
chip and only 32 move a meter to the processor. In 
other words, because of an effective traffic tie-up on the 
interconnections, only about eight-thousandths of the 
available density of the memory chip can be used at 
present. 

The second disadvantage of the interconnection 
scheme used by current technology is that a large frac- 
tion of the area of an LSI circuit is devoted to intercon- 
nections. This waste of a large area of a chip or a wafer 
is a direct consequence of the restriction of interconnec- 
tions to substantially two-dimensional configurations. 
Previous methods of providing conventional conduc- 
tive paths in three-dimensional configurations by plac- 
ing the paths in layers on one chip have generally re- 
sulted in a decrease in the quality of the processed infor- 
mation due primarily to the phenomenon of cross-talk. 

SUMMARY OF THE INVENTION 

In accordance with the above-referenced Ser. No. 
204,957 invention, a large number of small diameter 
closely-spaced electrically conductive paths are intro- 
duced through silicon-on-sapphire wafers, or chips, 
used in information processing equipment. These 
through-wafer conducting paths substantially reduce 
the number and length of conductive paths needed on 
the front face of the wafer; increase the speed and qual- 
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ity of information processing; reduce the power con- 
sumed by and the heat generated in interconnections; 
and provide many more access paths to logic, switching 
and memory elements on the front face of the wafer. 
Further, these through- wafer conducting paths provide 
a means of substantially reducing the physical space 
occupied by microelectronic circuits by allowing the 
silicon-on-sapphire wafers to be stacked one on another 
with the feed-through conductors in each wafer serving 
as interconnection paths from wafer to wafer. 

In accordance with the present invention, there is 
provided a novel different method of introducing the 
electrically conductive material into holes extending 
through the thickness of the wafer. The method of this 
invention is particularly advantageous and useful when 
-the number of through-thickness holes is greater than 
about a thousand. 

Briefly described, the method of this invention in- 
volves the steps of providing a suitable body of silicon- 
on-sapphire or a semiconductor material having a plu- 
rality of holes therethrough, positioning the body in a 
suitable electroforming apparatus opposite from an an- 
ode, surrounding the body and the anode with an elec- 
troforming solution, initiating a flow of bubbles of an 
inert gas in the space between the anode and the body, 
establishing a flow of direct current through the elec- 
troforming solution between the body and the anode, 
forming a solid film bridge of metal across the bottoms 
of the holes, reversing periodically the flow of the di- 
rect current, growing in the holes a solid, dense implant 
from the solid film bridge at the bottoms of the holes to 
the tops of the holes, and, optionally, continuing said 
growth to form implants having rivet-like terminations 
of a controlled and substantially equal diameter at each 
end adjacent to the top and bottom surfaces of the body. 

The article of the invention is a body of semiconduc- 
tor material or silicon-on-sapphire having a plurality of 
solid, dense metallic implants therethrough. The density 
of the material of the implants is equal to or greater than 
about 95% of theoretical. The implants have the shape 
of right circular cylinders whose exposed ends are sub- 
stantially flush or even with the planes of the top and 
bottom surfaces of the body. The implants may option- 
ally be terminated in rivet-like caps at opposite ends. 
The rivet-like caps are adjacent to and overlie the major 
top and bottom surfaces of the body, or any layer of 
material thereon, serve to lock the implants in place, 
and, additionally, may make contact with active devices 
or connecting lines also situate on the major surfaces. 
The size of the rivet-like caps can be controlled so that 
for a population of one million such caps no more than 
three caps will deviate from the average diameter of the 
population by more than ±9%. 

The diameter of the cylindrical portion of the implant 
is typically equal to or less than about 4 mils and the 
center line-to-center line spacing is typically less than or 
equal to about 2 cylindrical diameters. The lengths of 
the cylindrical sections are equal to the thickness of the 
body which typically ranges from about 6 to about 100 
mils, thus these cylindrical sections have high-aspect- 
ratios typically greater than or equal to 6. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is more clearly understood from the 
following description taken in conjunction with the 
accompanying drawings wherein sbme details have 
been disproportionately enlarged for clarity and of 
which: 
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FIG. 1 is a dimensional cross-section of a typical 
silicon-on-sapphire body. , 

FIG. 2 is an enlarged schematic elevation view in 
cross-section of a section of the silicon-on-sapphire 
5 body of FIG. 1 prepared for laser hole drilling. 

FIG. 3 is a schematic dimensional view in cross-sec- 
tion of the silicon-on-sapphire wafer of FIG. 2 follow- 
ing the laser drilling of holes through the wafer. 

FIG. 4 is a schematic top view in cross-section of the 
10 silicon-on-sapphire body of FIG. 3 disposed in the elec- 
troforming apparatus. 

FIG, 5 is a schematic elevation view in cross-section 
of a section of a silicon-on-sapphire wafer in which the 
electro-formed feed-through conductors have rivet-like 
15 terminations. 

FIG. 6 is a schematic elevation view in cross-section 
of a section of a silicon-on-sapphire body showing one 
implant terminated in a rivet-like head which makes 
contact with two circuit elements on the silicon-faced 
20 surface of the body. 

FIG. 7 is a graph of a typical waveform utilized in 
periodic reverse-current, pulsed electroforming. 

FIG. 8 is a schematic elevation view in cross-section 
of a section of a silicon-on-sapphire body showing one 
25 implant terminated in a rivet-like head which makes 
selective contact with two circuit elements on the sili- 
con-faced surface of the body. 

DETAILED DESCRIPTION OF THE 
30 INVENTION 

The method of this invention to be described below 
will produce, for example, feed-throughs useful in the 
transfer of signals from an integrated circuit on one 
siiicon-on-sapphire (SOS) wafer to one or more inte- 
35 grated circuits on the same SOS wafer and/or to one or 
more integrated circuits on different SOS wafers. Al- 
though this invention will be described with particular 
reference to silicon-on-sapphire material, the novel 
technology and objectives of this invention of implant- 
40 ing feed-through conductors is broadly applicable to 
other materials of the semiconductor arts including, for 
example, silicon (Si), germanium (Ge), gallium phos- 
phide (GaP), gallium arsenide (GaAs), indium antimon- 
ide (InSb), cadmium telluride (CdTe), and zinc sulfide 
45 (ZnS). 

Referring now to FIG. 1, there is shown a typical 
silicon-on-sapphire (SOS) body 10. Body 10 is a com- 
posite of a substrate of single crystal sapphire 11 and a 
contiguous overlying epitaxially-grown layer of single 
50 crystal silicon 12. Body 10 has front (or top) 13 and back 
(or bottom) 14 major opposed substantially parallel 
surfaces and a peripheral edge area 15 interconnecting 
front 13 and back 14 major surfaces. The two major 
surfaces are parallel to the (1T02) plane of single crystal 
55 sapphire 11 to within ±2° and to the (100) plane of the 
single crystal epitaxial silicon 12 to within ±2°. The 
exposed silicon of the front major surface 13 of wafer 10 
is typically polished to an optical finish smoother than 
about ±0.1 micron and the exposed sapphire of the 
60 back major surface 14 of the wafer 10 is typically 
ground to a finish smoother than about ±0.5 micron. 
One or more active integrated circuit semiconductor 
devices are ordinarily located in the silicon layer 12 . 
The thickness of the epitaxial silicon layer 12 is typically 
65 less than about 4 microns while a typical thickness of 
the sapphire layer 11 is 325±25 microns. 

In FIG. 2, there is shown a section from the SOS 
body 10 of FIG. 1 following the application of a con- 
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ducting thin film metallic layer 16 on back major sur- ers, no strain fields were observed around the laser- 
face 14 and after the application of thin insulating layers drilled holes. 

17 and 18 over the previously deposited thin film metal- More particularly, a Nd-YAG laser operated in the 
lie layer 16 and the silicon of the top major surface 13, pulsed Q-switched mode is best suited for the drilling of 
respectively. Insulating layers 17 and 18 may be made 5 holes in SOS bodies. Typically, a continuous train of 
using well known photolithographical techniques em- laser pulses at a pulse repetition rate of 3 KHZ and an 
ploying a photoresist or may be made from a low tem- individual pulse duration of 200 nanoseconds is directed 
perature glass or silicon nitride and are provided to onto and perpendicular to surface 13 or 14. The contin- 
protect layer 16 and surface 13, respectively, from dam- uous train of laser pulses is beamed onto surface 13 or 14 
age from debris generated during the laser drilling of 1° for 5 msec and then interrupted for 45 msec and re- 
holes as described below. Metallic layer 16 is required peated for 5 msec and then interrupted for 45 msec and 
for the practice of this invention, but layers 17 and 18 so forth until the laser beam has drilled a hole 20 com- 
are optional. As a practical matter, layers 16, 17, and 18 pletely through body 10. 

are so thin that the invention may be discussed with Approximately 30 pulse trains are required to form 
reference to surfaces 13 and 14 or surfaces 13 arid 14 and 15 holes 20 in a silicon-on-sapphire wafer that is 325 mi- 
a layer or layers of material thereon interchangeably. crons thick. The 3 KHZ pulse repetition rate is selected 
Sputtering, has proven to be the best means for de- because it gives the highest output power of the laser 
positing metal layer 16 on sapphire surface 14. Other operating in the repetitively Q-switched mode. Each 
means such as chemical deposition, metal evaporation pulse train is led by a giant pulse which is important 
and the like do not give a metallic layer 16 with as good 20 because it greatly increases the absorption coefficient of 
adherence to sapphire surface 14 as does sputtering. The the surface layer of body 10, allowing the following 
thickness of metallic layer 16 is greater than 500 A with smaller pulses of the pulse train to vaporize and drill out 

a preferred value of 10,000 A.. A suitable material for the material comprising body 10. A series of separate 

metallic layer 16 is gold. Other suitable metals include 25 pulse trains is used rather than one continuous pulse 
copper, nickel, chromium and mixtures and alloys of the train in order to obtain more of the desirable giant 
same. pulses. The delay time of 45 milliseconds between pulse 

Holes 20, as shown in FIG. 3, are drilled in SOS trains is chosen so that the flash lamps surrounding the 
wafer 10 using laser beam techniques. The novel tech- Nd-YAG laser crystal have sufficient time to pump up 
niques for laser drilling holes through silicon-on-sap- ^ the crystal to an energy density where a giant pulse is 
phire bodies, to be described below in detail for com- produced on initiation of a repetitively Q-switched train 
pleteness, are disclosed and claimed in the above- of laser beam pulses. 

referenced commonly assigned Ser. No. 204,957 appli- A relationship between laser power level, the number 
cation which is filed in the names of the inventive entity of pulses required to drill holes 20 completely through 
thereof, is not the invention of the inventive entity of 35 body 10, and hole geometry and integrity was discov- 
the instant invention and does not form a part of this ered. Nd-YAG lasers with an energy rating of less than 
invention. 1 watt in the continuous wave (CW) mode could not 

In schematic FIG. 3, the laser beam has impinged on drill all the way through SOS wafers 325 microns thick, 
bottom surface 14 and layers 16 and 17 contiguous Use of higher energy lasers is limited in that if fewer 
thereto and drilling has proceeded from bottom surface 40 than 10 pulse trains are used, cracking and spalling of 
14 to top surface 13; thus, entrance apertures 19 are the wafer 10 will occur. Lower power lasers, about 6 
formed in surface 14, contiguous metallic layer 16 and watts in the CW mode, which required more than 100 
insulating layer 17. Exit apertures 21 are formed in pulse trains to drill through the 325 micron thick SOS 
surface 13 and contiguous insulating layer 18. Interior wafers were also found to be unsatisfactory. When 
peripheral edge area 22 interconnects entrance aperture 45 more than 100 pulses were required, the holes were not 
19 and exit apertures 21. straight, but exhibited a random walk effect through 

Since the exit aperture of the hole may be smaller body 10 such that the exit apertures frequently were not 
than the entrance aperture, it is generally advantageous aligned with the entrance apertures, i.e., the axes of the 
to drill from back surface 14 since the exit aperture will holes were not substantially perpendicular to the major 
occupy less area on surface 13 where the active devices 50 surfaces. Thus the power of the Nd-YAG laser must be 
are located and the debris generated by drilling will be such that the holes can be drilled using about 10 to 
ejected out the bottom. However, accuracy of location about 100 pulses. 

of the aperture on surface 13 will be less than if the At the low end of the pulse range, holes having the 
drilling proceeds from front surface 13. Therefore, if appearance of right circular cylinders with generally 
accurate location of the feed-through on surface 13 55 circular entrance and exit apertures about 4 mils in 
where the integrated circuits are located is the para- diameter can be produced. As the number of pulses 
mount consideration, the drilling is best conducted from increases, the diameter of the entrance aperture de- 
front surface 13 to back surface 14. creases, but the holes assume the shape of truncated 

A laser is the best device for drilling the holes. Me- right circular cones. Use of about 30 pulses was found to 
chanical means, such as ultrasonic drilling, cannot pro- 60 be optimum in that truncated cone-shaped holes with 
duce holes of the fine diameter and close spacing re- entrance diameters on the order of 2 mils and an en- 
quired primarily due to drill breakage from chips in the trance aperture to exit aperture ratio of about 2 to 1 
drill hole as attempts are made to drill holes less than were produced. 

about 8 mils in diameter. The pulse length of other beam These holes can be spaced in arrays having center 
devices, such as electron beams, cannot be limited to 65 line-to-center line, i.e., axis-to-axis, spacings as small as 
sufficiently short times to prevent cracking and spalling about twice the diameter of the aperture or, in the case 
of the wafer due to thermal stresses. By optical inspec- of holes having the shape of a truncated cone, about 
tion of the birefringent sapphire using crossed polariz- twice the diameter of the larger aperture. 
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When the Nd-YAG laser was operated in the fre- 
quency doubled mode (0.53/x wavelength), at a power 
level sufficient to produce holes with about 30 pulses, 
truncated cone-shaped holes having entrance aperture 
diameters as small as 0.5 mil and exit aperture diameters 
as small as 0.25 mil were produced. However, as the 
diameter of the aperture decreases, it becomes more 
difficult to implant the conducting medium of the feed- 
through conductors in the holes when conductor-bear- 
ing fluids are employed as described in the above- 
referenced Ser. No. 204,957 application. 

It was also found that drilling, particularly from 
ground back surface 14 of wafer 10, was facilitated by 
positioning a 0.025" thick polycrystalline wafer of alu- 
mina 0.025" away from and parallel to back surface 14 15 
of SOS wafer 10 especially at lower power levels 
aproaching 6 watts in the CW mode. At a separation 
distance greater than 0.025", drilling yields decreased. 

At closer separation than 0.025", there was insufficient 
distance between surface 14 and the polycrystalline 20 
alumina backup wafer for debris from laser drilling to 
clear the region around the intersection between holes 
20 and back surface 14 of body 10 with the result that 
holes 20 became clogged with drilling debris near sur- 
face 14. 

Body 10 is ready for implantation of the feed-through 
conductors after holes 20 are laser drilled therethrough. 
For the practice of electroforming in accordance with 
the method of this invention, body 10 will typically 
have more than about 1000 holes therethrough since, as 30 
disclosed in the above cross-referenced Ser. No. 
285,656 application, the method of this invention is 
preferably and advantageously practiced when there 
are more than 1000 holes through body 10. By the term 
electroforming it is meant that a solid plug (implant) of 35 
material is grown in holes 20 under the driving force of 
a direct current (DC) potential. More particularly, by 
the method of the invention the implant is grown sub- 
stantially uniformly from one major surface of the body 
to the opposite major surface. Electroforming is to be 40 
distinguished from plating which refers to the applica- 
tion of a thin, i.e., on the order of several mils, film of 
metal to the surface of a material. Plating may include 
dipping into molten metal, but it usually refers to the 
electrodeposition of an adherent coating. In electroplat- 45 
ing, metals are deposited from solutions of their salts by 
means of an electric current. Electroless plating re- 
quires no externally applied current and generally pro- 
ceeds by means of chemical reduction in the presence of 
a catalytic metal. 

Electroforming is also to be distinguished from such 
other methods as that of U.S. Pat. No. 3,483,095 
wherein two solutions are reacted to produce an ionic- 
ally conductive precipitate insoluable in both solutions 
and an electric field is applied to extend the precipitate 55 
through a pore. A subsequent step, such as exposure to 
radiation or heat, is required to convert the ionic de- 
posit to a conductor. 

FIG. 4 shows SOS body 10 in holder 23 in tank 24. 
Tank 24 is equipped with a cover (not shown) and is 60 
capable of sustaining a vacuum. Holder 23, which is 
made from an inert material, also has means for holding 
anode 25 parallel to wafer 10 and means, such as the 
series of holes 26, for flowing an inert gas in the space 
between wafer 10 and anode 25. The major surface of 65 
SOS wafer 10 having thin film conducting layer 16 
thereon is placed to face away from anode 25. Anode 25 
has approximately the same major surface dimensions 
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and geometry as that of wafer 10 and may be either a 
solid plate or a screen of the same material, typically 
Copper, to be electroformed in holes 20. Anode 25 is 
typically spacially removed or separated from wafer 10 
5 by about 1 cm. Gas holes 26 are typically 1.5 mm in 
diameter and are typically spaced about 4 mm apart. 

The positive pole of an external direct current (DC) 
power source 40 is connected to anode 25 and the nega- 
tive pole is connected to metal layer 16. Tank 24 is then 
10 filled with enough electroforming solution (not shown) 
to cover anode 25 and body 10. An inert gas is slowly 
bubbled from holes 26 to the surface of the electroform- 
ing solution to provide mixing and agitation of the elec- 
troforming solution. 

The electroforming solution is substantially an aque- 
ous copper plating solution consisting essentially of 
from about 220 to about 270 grams/liter of hydrated 
copper sulfate (CUSO 4 . 5 H 2 O), from about 5 to about 28 
grams/liter sulphuric acid (H 2 SO 4 ), from about 0.007 to 
about 0.013 grams/liter of thiourea (N 2 H 4 CS) and from 
about 0.3 to about 1.0 gram/liter of molasses. The pre- 
ferred solution consists essentially of about 250 grams/- 
liter CUSO 4 . 5 H 2 O, 10 grams/liter H 2 SO 4 , 0.008 grams/- 
liter N 2 H 4 CS and 0.75 grams/liter molasses. It was 
25 discovered that baths of the above composition, of the 
many different compositions tried, resulted in the most 
even growth of copper in holes 20. With this solution 
the copper growth, during the electroforming step to be 
described, filled 100 percent of the volume of holes 20 , 
had a bright copper appearance, was relatively soft, and 
was typically greater than about 95% dense. The solu- 
tions would not work without molasses and of the sev- 
eral brands of molasses tried, the one marketed under 
the name “Brer Rabbit Molasses” proved to provide the 
best results. Molasses contents in excess of about 1.0 
gram/liter produced an objectionable sticky residue on 
the wafers. 

In the event that the electroforming solution does not 
readily wet the material of body 10 and, as a conse- 
quence, air bubbles are entrapped in holes 20 the follow- 
ing procedure may be used. First, a vacuum of about 1 
Torr or greater is established in tank 24. The electro- 
formed solution is next backfilled into tank 24 through a 
suitable valved opening (not shown) to cover body 10 
and anode 25 while the vacuum is maintained, or rees- 
tablished if decreased during the backfilling. The vac- 
uum is maintained until all holes are filled and thereafter 
tank 24 is returned to atmospheric pressure. 

When external power source 40 is activated, an elec- 
50 trolytic cell is formed resulting in the deposition of 
copper from anode 25 onto the exposed areas of metal 
layer 16 adjacent to the bottoms of holes 20. The depos- 
ited layer will gradually build up to the point where the 
bottoms of holes 20 are closed by a solid bridge (not 
shown) of a film of electroformed metal thereacross. 

Thereafter, implants 27 grow from the bridges at the 
bottoms of holes 20 toward anode 25. When there are 
fewer than about 1000 holes 20 , the growth rate of 
implants 27 in holes 20 will be substantially equal and 
the implants will reach the surface facing anode 25 at 
about the same time. Thus, at the end of the first stage, 
implants 27 will be substantially flush with the top and 
bottom surfaces of body 10 and will be substantially in 
the form of right circular cylinders. The diameter (D) of 
the cylinders will be equal to the diameter of holes 20 , 
i.e., will be less than or equal to about 4 mils, and will 
have center line 30-to-center line 30 spacings (L) equal 
to or less than about 2D as illustrated in FIG. 5. Cylin- 
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drical implants 27 are dense, i.e., greater than or equal 
to about 95% dense, and have high-aspect-ratios, i.e., 
ratio of length (thickness of body 10 as measured by the 
perpendicular distance between surfaces 13 and 14) to 
diameter, on the order of about at least six-to-one. 5 
Those first-stage through-thickness implants are useful 
as heat sinks or may be used for the transfer of electrical 
signals by placing active devices or conductors in 
contact with the implants. 

Density, in the context used herein, is a measure of 
the compactness of a body. The less material per unit 
volume, and the more volume existing as open phases 
within the body, the lower the density. If a body is 
theoretically dense, i.e., 100% dense, it contains no 
open spaces such as pores or cavities. As noted above, 
implants 27 are also relatively soft, i.e., have hardness 
on the order of that of electrolytic copper (commonly 
referred to as “oxygen-free” copper) which typically 
measures a maximum of about 65 on the widely-recog- 
nized Rockwell Rr scale. 

By continuing the electroforming process through 
the second stage, rivet-like heads 28 and 31, shown in 
FIG. 5, of substantially the same diameter (D h) may be 
formed adjacent to the top and bottom surfaces or any 
layers thereon. Rivet-like heads 28 and 31 serve to lock 
feed-through conductors 27 in place. Growth along the 
wafer also facilitates electrical contact with current 
leads and devices on the wafer surface. Growth of rivet- 
like heads 31 is due to the small leakage current from 
the back of wafer 10 to anode 25, which is in addition to 
the major currents directly from the implants 27 to 
anode 25. 
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level of I« in the reverse or de-electroforming direction 
for a time period of Tr. 

A net electroforming gain is achieved when 

lpT p >I R T R (l) 

The duration of Tr is chosen to be less than the diffu- 
sion relaxation time for the ion involved in the electro- 
forming process, i.e., the ion which is deposited from 
10 the electroforming solution to form implant 27, in the 
electroforming solution in holes 20. If Do is the diffu- 
sion coefficient of the electroforming ion in the solution 
and H is the average depth of the implant beneath the 
top surface of body 10, then the criterion for selecting 
15 TrIs 

T r = H 2 D d (2) 

Slower growing implants that are at a depth greater 
2 o than H in a laser drilled hole will be minimally affected 
by the reverse current pulse. In contrast, faster growing 
implants that are closer to the surface than H will ab- 
sorb most of the reverse current pulse and retreat back- 
wards in the hole. Thus the periodic reverse current 
25 pulse has a leveling effect on the height of the implants 
in the hole. 

Using two waveform generators 41 and a controlla- 
ble D.C. power supply 40, a number of experiments 
were tried. As an example, an experiment utilizing 
30 Ip= — 100 ma, Ir= + 1000 ma, (electron flow conven- 
tion) T p — — 5 sec, and Tr=0.2 sec resulted in an even 
growth of copper implants through laser drilled holes in 


When the growth of copper implants 27 or heads 28 
and 31 reach the desired stage, the power source is 
deactivated, body 10 is removed from the electroform- 
ing solution, washed in distilled water, rinsed in metha- 
nol and dried. 


a 13 mil thick SOS wafer. At these settings, the leveling 
control height, i.e., the height at which periodic re- 
35 verse-current pulsing must begin, is where the implants 
are within a few mils of the emergence surface. Since 
Tr varies with H, implant growth can be controlled 


If, however, there are more than about 1000 holes 20 during the entire growth process from the bridges at the 


per body 10, and the growth is conducted under steady hole bottoms to emergence at the top surface by chang- 
state direct current, growth in the holes will become 40 ing the pulse duration Tr and pulse current Ir with time 
unbalanced and certain implants will grow at a more with a programmable controller, 
rapid rate than the remaining implants. Thus, at the end The rate of growth of the implants using the method 
of the first stage, the implants will not be substantially of this invention will be less than that obtained with a 
uniformly flush with the top and bottom surfaces of the steady state DC power source. However, as disclosed 
body as in the case when there are fewer than about 45 above, the use of steady state DC results in unsatisfac- 
1000 implants. tory control over the time of emergence of the implants 

Further, when the fastest growing implants emerge from the holes and the rate of growth of rivet-like heads 

from the holes, their growth rate and the rate of growth 28 and 31 when there are more than about 1000 im- 

of rivet-like heads 28 and 31 will be accelerated, in plants. Where there are less than about 1000 implants 

comparison to the later-emerging implants, due to expo- 50 and steady state DC electroforming current is em- 
sure to fresh electroforming solution. Although large ployed, the diameters of the rivet-like heads D h are 

terminations 28 and 31 are desirable from a standpoint such that for a population of 1,000 heads, no more than 

of inter-wafer contacts, large terminations can cause 3 heads deviate from the average head size by more 

problems on SOS wafers. Because of the small size of than about +30%, i.e., the 3cr confidence limit. This 

microelectronic circuits, larger terminations on the 55 3cr confidence limit is unsatisfactory where there are 
active surface of an SOS wafer may short each other upwards of 10 4 to 10 6 holes per body, of about 4 mil 


and/or may also short across circuit elements, e.g., diameter spaced apart by about 8 mils (2D), as projected 

elements 32 and 33 of FIG. 6, rendering them inopera- for the massively parallel information processor. Here, 


tive. 

In order to equalize the growth rate of the implants in 
the holes, equalize the emergence of the implants from 
the holes and equalize the growth rate of the rivet-like 
terminations, the method of this invention utilizes peri- 
odic reverse-current pulsing. As shown in FIG. 7, the 
electroforming direct current is periodically (regularly) 
reversed to generate a train of rectangular pulses which 
vary from a current level of \ p in the forward, or elec- 
troforming direction for a time period of T p to a current 


and in the following discussion and claims, a population 
60 of rivet-like heads is considered to be associated with a 
like number of implants. Thus, the fact that each im- 
plant has two rivet-like terminations is disregarded ex- 
cept that the population may be analyzed either in terms 
of the population of a first plurality of terminations 
65 adjacent to the top major surface of the body or in terms 
of the population of a second plurality of terminations 
adjacent to the opposite, or bottom, major surface of the 
body. 
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In contrast, using the method of this invention, as 
illustrated by the above-cited example, it was possible to 
control head diameter D// so that for a population of 
1000 caps the diameter of all caps was within about ±3 
pm of the average diameter of 200 pm. The ±3 pm 5 
variation represented the limits of resolution of the 
measuring equipment employed, thus ±3 pm is a worst 
case basis. Thus, for a population of 1000 heads, no 
more than 3 caps will deviate from the population aver- 
age by more than about ±4.5%. For populations of 10 4 10 
heads, 10 5 heads and 10 6 heads, no more than 3 heads are 
expected to deviate from the average head diameter of 
the population by about more than ±6%, ±7.5%, and 
±9.0%, respectively. These latter confidence limits are 
well within those required for the massively parallel 15 
information processor. The foregoing may also be ex- 
pressed in terms of populations of 10" heads where n is 
a number from 3 to 6 inclusive and no more than three 
terminations (heads) in the population will be expected 
to deviate from the average diameter of the termina- 20 
tions in the population by more than about the quantity 
(±1.5% Xn). The actual diameters (D h) of the termi- 
nations will, of course, be a function of the total electro- 
forming time. 

To avoid the aforementioned short circuiting, but at 25 
the same time achieve good electrical contact with the 
desired circuit element, the method of this invention 
may be supplemented by forming a patterned insulating 
layer 34 on the active side of the SOS wafer prior to 
electroforming feed-through conductors 27 as shown in 30 
FIG. 8. Such an insulating layer of low temperature 
glass, SiOi, photoresist etc., prevents the overgrowth of 
the feed-through termination 28 from shorting out cir- 
cuit elements 33, but at the same time allows the re- 
quired electrical contact to aluminum landing pads 32. 35 
Referring again now to FIG. 5, solid, dense copper 
feed-through conductors 27 having rivet-like heads 28 
and 31 are shown extending between the major opposed 
surfaces of body 10. Rivet-like heads 28 and 31 facilitate 
the stacking of one body 10 upon one or more other 40 
bodies 10 thus forming a plurality of separate substan- 
tially parallel interwafer paths along implants 27. Thus, 
electrical signals can be distributed, by use of suitable 
switching logic (not shown), along one or more in- 
trawafer paths and, simultaneously if required, along 45 
one or more interwafer paths. 

Conductors 27 require no further treatment, such as 
curing, which may be the case when conductor-bearing 
fluids are employed as described in the above-noted Ser. 
No. 204,957 application. Since no curing is required, 50 
there is no possibility of shrinkage occurring and, fur- 
thermore, these implants are chemically and thermally 
stable to the projected limits of operation. The electrical 
volume resistivity of these copper feed-throughs is typi- 
cally less than 4x 10~ 6 ohm-cm. 55 

While this invention has been particularly shown and 
described with reference to preferred embodiments 
thereof, it will be understood by those skilled in the art 
that various changes in form and detail may be made 
therein without departing from the true spirit and scope 60 
of the invention as defined by the appended claims. 

I claim as my invention: 

1. A process for implanting a plurality of solid, dense, 
metallic feed-through conductors comprising the steps 
of: 65 

(a) providing a body, said body having top and bot- 
tom major opposed surfaces substantially parallel 
to each other, an outer peripheral edge area inter- 


12 

connecting said major surfaces, and a plurality of 
holes therethrough, one of said major surfaces 
being overlaid by at least a thin film of a conduct- 
ing metal, said metal being one selected from the 
group consisting of gold, copper, nickel, chro- 
mium, and mixtures and alloys thereof; 

(b) positioning said body in a tank parallel to an anode 
such that said thin film on said major surface faces 
away from said anode and a space is formed be- 
tween said body and said anode, the metal of said 
anode being the same as the metal of said solid, 
dense, metallic feed-through conductors to be im- 
planted; 

(c) surrounding said body and said anode with an 
electroforming solution, said electroforming solu- 
tion having therein at least the metal of said solid, 
dense, metallic feed-through conductors to be im- 
planted; 

(d) initiating a flow of bubbles of an inert gas in said 
space between said body and said anode; 

(e) establishing a flow of direct current through said 
solution, between said anode and said thin film; 

(1) forming a solid film bridge of metal across the 
bottoms of said holes; 

(g) reversing periodically said flow of said direct 
current, the periodically reversed current flow 
being substantially in the form of a periodic train of 
rectangular pulses, said pulses varying from a cur- 
rent level of l p in the forward direction for a time 
period of T p to a current level of Ir in the reverse 
direction for a time period of Tr; and 

(h) growing, at a substantially uniform rate, a plural- 
ity of solid, dense, metallic implants from said solid 
film bridges at said bottoms of said holes to the tops 
of said holes. 

2. The process of claim 1 wherein said plurality of 
holes comprises a plurality of greater than about 1000 
holes. 

3. The process of claim 1 wherein the value of I p is 
about — 100 ma, the value of Ir is about + 1000 ma, the 
value of Tp is about 5 seconds, and the value of Tr is 
about 0.2 second. 

4. The process of claim 1 wherein the density of said 
implants is greater than about 95% of theoretical. 

5. The process of claim 1 wherein said body is com- 
posed of a single material, said single material being one 
selected from the group consisting of silicon, germa- 
nium, gallium arsenide, gallium phosphide, indium anti- 
monide, cadmium telluride, and zinc sulfide. 

6. The process of claim 1 wherein said body is a com- 
posite, said body having a single crystal sapphire sub- 
strate and a contiguous overlying epitaxially-grown 
layer of single crystal silicon, said top major surface 
being the exposed surface of said silicon layer, said 
bottom major surface being the exposed surface of said 
sapphire substrate and said outer peripheral edge area 
encompassing both said sapphire substrate and said 
layer of silicon. 

1. The process of claim 1 wherein said tank is capable 
of sustaining a . vacuum. 

8. The process of claim 7 further including the steps 
of establishing a vacuum in said tank prior to said sur- 
rounding step and, after conducting said surrounding 
step, maintaining said vacuum in said tank for a period 
of time sufficient for said solution to completely fill said 
plurality of holes and, thereafter, returning said tank to 
atmospheric pressure. 



4,396,467 


9. The process of claim 8 wherein said step of estab- 
lishing a vacuum comprises establishing a vacuum of at 
least about 1 Torr. 

10. The process of claim 1 further including the steps 
of continuing the periodically reversed flow of direct 
current until said feed-through conductors have 
emerged from said holes and simultaneously growing 
the emerged feed-through conductors away from said 
top and bottom surfaces and parallel to said top and 
bottom surfaces forming thereby a first plurality of 
rivet-like terminations adjacent to said top surface and a 
second plurality of rivet-like terminations adjacent to 
said bottom surface, the diameters of said rivet-like 
terminations being substantially equal. 

11. The process of claim 10 wherein said first and 
second pluralities of rivet-like terminations each com- 
prise about 10" terminations and no more than three 
terminations of said first plurality or said second plural- 
ity deviates from the average diameter of the termina- 
tions in the plurality by more than about the quantity 
(±1.5%Xn), where n is a number from 3 to 6 inclusive. 

12. The process of claim 10 wherein said first and 
second pluralities of rivet-like terminations each com- 
prise about 1000 terminations, the average diameter of 
the terminations in said first plurality and said second 
plurality is about 200 microns, and the diameter of each 
termination in each plurality is equal to or less than 
about ±3 microns of said average diameter. 

13. A process for implanting solid, dense, copper 
feed-through conductors comprising the steps of: 

(a) providing a body, said body having top and bot- 
tom major opposed surfaces substantially parallel 
to each other, an outer peripheral edge area inter- 
connecting said major surfaces, and a plurality of 
holes therethrough, one of said major surfaces 
being overlaid by at least a thin film of a conduct- 
ing metal, said metal being one selected from the 
group consisting of gold, copper, nickel, chro- 
mium, and mixtures and alloys thereof; 

(b) positioning said body in a tank parallel to an anode 
such that said thin film on said major surface faces 
away from said anode and a space is formed be- 
tween said body and said anode, the metal of said 
anode being copper; 

(c) surrounding said body and said anode with an 
electroforming solution, said solution being an 
aqueous solution consisting essentially, in grams 
per liter, of from about 220 to about 270 grams of 
hydrated copper sulfate, from about 5 to about 28 
grams of sulphuric acid, from about 0.007 to about 
0.013 gram of thiourea, and from about 0.03 to 
about 1.0 gram of molasses; 

(d) initiating a flow of bubbles of an inert gas in said 
space between said body and said anode; 

(e) establishing a flow of direct current through said 
solution, between said anode and said thin film; 

(0 forming a solid film bridge of copper across the 
bottoms of said holes; 

(g) reversing periodically said flow of said direct 
current, the periodically reversed current flow 
being substantially in the form of a periodic train of 
rectangular pulses, said pulses varying from a cur- 
rent level of l p in the forward direction for a time 
period of T p to a current level of Ir in the reverse 
direction for a time period of Tr; and 

(h) growing solid, dense, copper implants in said 
holes from said solid film bridge at the bottoms of 
said holes to the tops of said holes. 

14. The process of claim 13 wherein the electroform- 
ing solution is an aqueous solution consisting essentially. 


in grams per liter, of about 250 grams of hydrated cop- 
per sulfate, about 10 grams of sulphuric acid, about 
0.008 gram of thiourea, and about 0.75 gram of molas- 
ses. 

5 15. The process of claim 13 wherein said plurality of 

holes comprises a plurality of greater than about 1000 
holes. 

16. The process of claim 13 wherein the value of I^is 
about — 100 ma, the value of Ir is about + 1000 ma, the 

jo value of T^, is about 5 seconds, and the value of T p is 
about 0.2 second. 

17. The process of claim 13 wherein the density of 
copper implants is greater than about 95% of theoreti- 
cal. 

15 18. The process of claim 13 wherein the resistivity of 

each said copper implant is less than about 4X10- 6 
ohm-cm. 

19. The process of claim 13 wherein said body is 
composed of a single material, said single material being 

2 Q one selected from the group consisting of silicon, ger- 
manium, gallium arsenide, gallium phosphide, indium 
antimonide, cadmium telluride, and zinc sulfide. 

20. The process of claim 13 wherein said body is a 
composite, said body having a single crystal sapphire 
substrate and a contiguous overlying epitaxially-grown 
layer of single crystal silicon, said top major surface 
being the exposed surface of said silicon layer, said 
bottom major surface being the exposed surface of said 
sapphire substrate and said outer peripheral edge area 
encompassing both said sapphire substrate and said 

30 layer of silicon. 

21. The process of claim 13 wherein said tank is capa- 
ble of sustaining a vacuum. 

22. The process of claim 21 further including the 
steps of establishing a vacuum in said tank prior to said 

35 surrounding step and, after conducting said surrounding 
step, maintaining said vacuum in said tank for a period 
of time sufficient for said solution to completely fill said 
plurality of holes and, thereafter, returning said tank to 
atmospheric pressure. 

40 23. The process of claim 22 wherein said step of estab- 

lishing a vacuum comprises establishing a vacuum of at 
least about 1 Torr. 

24. The process of claim 13 further including the 
steps of continuing the periodically reversed flow of 

45 direct current until said copper feed-through conduc- 
tors have emerged from said holes and simultaneously 
growing the emerged feed-through conductors away 
from said top and bottom surfaces and parallel to said 
top and bottom surfaces forming thereby a first plurality 

50 of copper rivet-like terminations adjacent to said top 
surface and a second plurality of copper rivet-like ter- 
minations adjacent to said bottom surface, the diameters 
of said rivet-like terminations being substantially equal. 

25. The process of claim 24 wherein said first and 

55 second pluralities of rivet-like terminations each com- 
prise about 10" terminations and no more than three 
terminations of said first plurality or said second plural- 
ity deviates from the average diameter of the termina- 
tions in the plurality by more than about the quantity 

60 (±1.5%Xn), where n is a number 3 to 6 inclusive. 

26. The process of claim 24 wherein said first and 
second pluralities of rivet-like terminations each com- 
prise about 1000 terminations, the average diameter of 
the terminations in said first plurality and said second 

65 plurality is about 200 microns, and the diameter of each 
termination in each plurality is equal to or less than 
about ±3 microns of said average diameter. 

***** 



